Abstract We present crustal velocities for 29 continuously recording GPS stations from the southern central Andes across the Puna, Eastern Cordillera, and Santa Barbara system for the period between the 27 February 2010 Maule and 1 April 2014 Iquique earthquakes in a South American frame. The velocity field exhibits a systematic decrease in magnitude from~35 mm/yr near the trench to <1 mm/yr within the craton. We forward model loading on the Nazca-South America (NZ-SA) subduction interface using back slip on elastic dislocations to approximate a fully locked interface from 10 to 50 km depth. We generate an ensemble of models by iterating over the percentage of NZ-SA convergence accommodated at the subduction interface. Velocity residuals calculated for each model demonstrate that locking on the NZ-SA interface is insufficient to reproduce the observed velocities. We model deformation associated with a back-arc décollement using an edge dislocation, estimating model parameters from the velocity residuals for each forward model of the subduction interface ensemble using a Bayesian approach. We realize our best fit to the thrust-perpendicular velocity field with 70 ± 5% of NZ-SA convergence accommodated at the subduction interface and a slip rate of 9.1 ± 0.9 mm/yr on the fold-thrust belt décollement. We also estimate a locking depth of 14 ± 9 km, which places the downdip extent of the locked zone 135 ± 20 km from the thrust front. The thrust-parallel component of velocity is fit by a constant shear strain rate of À19 × 10 À9 yr À1 , equivalent to clockwise rigid block rotation of the back arc at a rate of 1.1°/Myr.
22°S, the Chilean fore arc. Norabuena et al. (1998) presented a velocity field for stations that were predominantly north of the Bolivia-Argentina border that combined observations from both campaign and continuously recording GPS (cGPS). They used their velocity estimates to constrain an interseismic model that allowed for strain accumulation on a partially locked subduction interface and shortening within the back arc. They found that only about half of the Nazca-South America (NZ-SA) convergence rate was accommodated by locking on the subduction interface and that the balance was accommodated by a combination of aseismic slip on the subduction interface and shortening within the back arc. Later, Bevis et al. (2001) combined data from the South America-Nazca Plate Motion Project (Norabuena et al., 1998) with data from the central Andes GPS Project Kendrick et al., 1999) to estimate an updated crustal velocity field spanning southern Peru and the Altiplano for the period between January 1993 and March 2001 in a South America fixed frame. They used a realistic geometry for the Peru-Chile trench to show that locking on a convex upward subduction interface beneath the trench can reproduce the pattern of GPS velocity vector rotation that has consistently been observed in the central Andes (Bevis et al., 2001; Kendrick et al., 1999; Norabuena et al., 1998) . Additionally, they were able to fit parameters for a model that combined a finite elastic dislocation model for the subduction interface with a freely slipping detachment beneath the Bolivian fold-thrust belt to their observed velocity field. Using this three-plate model, they realized their best fit to the GPS velocity field when 91.5% of NZ-SA convergence was taken up at the subduction interface, with the interface fully locked from 10 km to 50 km depth, and 8.5% of convergence taken up by underthrusting of the Brazilian craton beneath the Andes along a freely slipping décollement. Kendrick et al. (2006) performed a study similar to that of Bevis et al. (2001) but for a much longer section of the orogen (~18°S À 40°S). Kendrick et al. (2006) also assumed that the subduction interface was fully locked from 10 km to 50 km and that the Andean crustal block was converging with South America on a freely slipping detachment. They inverted their GPS-derived velocities to estimate an Euler pole for the Andean microplate subject to the constraint that the total NZ-SA convergence Euler pole was the sum of Nazca-Andes and Andes-South America Euler poles. Their best fit to the observed velocity field was realized with an Euler pole located in southern Argentina with a magnitude of 0.15°/Myr. The Andean Euler pole estimated by Kendrick et al. (2006) predicts normalized crustal shortening rates that agree in general with the values for normalized crustal shortening that are expected, based on uplifted area, if the orogen is everywhere in isostatic equilibrium (Isacks, 1988; Kley & Monaldi, 1998) . Notably, the greatest deficit between the shortening rates predicted by their estimated Euler pole and the values calculated by Isacks (1988) and Kley and Monaldi (1998) occurs at the latitudes of the Santa Barbara system, which is the focus of our study. Along a section that overlaps (39°S À 25°S) with the region studied by Kendrick et al. (2006) , Métois et al. (2012) used pre-Maule GPS data to estimate the distribution of coupling on the subduction interface for the time period leading up to the 27 February 2010 M w 8.8 Maule earthquake. While their best fit model includes significant spatial variation in the coupling distribution, they determined that north of~26°S the subduction interface is likely 90%-100% locked down to at least 45 km depth.
In the back arc of the central Andes, Brooks et al. (2011) used a Bayesian approach to fit parameters for an edge dislocation model, meant to reproduce the crustal velocity field associated with a transition along the décollement from freely slipping to fully locked beneath the Bolivian Subandes, to the observed GPS velocity field of the back arc at those latitudes. Their results indicated that an 85 km section of the Bolivian décollement was fully locked with a slip rate of >10 mm/yr. The results of Brooks et al. (2011) demonstrated the need to consider the contribution to the back-arc velocity field due to locking on the retroarc detachment, but in that study where the region of interest was situated so far from the trench (>500 km), they did not account for any possible contribution to the velocity field from locking or partial locking at the subduction interface as it had been shown to be small (<1 mm/yr) in the far field. Most recently, Weiss et al. (2016) presented a coseismic and postseismic corrected GPS crustal velocity field for stations predominantly within the Bolivian section of the central Andes. They projected station velocities onto two (northern and southern) thrust-perpendicular profiles. They followed Brooks et al. (2011) and used a Bayesian approach to estimate parameters for décollement dislocation models for each thrust-perpendicular profile. Similar to Brooks et al. (2011) , they found that strain localization observed in the GPS velocities for both profiles was due to a frictional transition from freely slipping to fully locked on the décollement roughly 100 km west of the thrust front and realized their best fit to the observed velocities with roughly 10 mm/yr of slip on the décollement beneath the northern profile and 7 mm/yr beneath the southern. Weiss et al. (2016) used only stations within 300 km of the thrust front in their inversion for the décollement model parameters and thus, similar to Brooks et al. (2011) , did not consider the contribution to the back-arc velocity field from locking on the subduction interface as it had been shown to be unappreciable so far from the trench.
The Puna-Andes GPS Array (PAGA) (Figure 1b , white circles) is a network of cGPS stations constructed in March 2009 to compliment the growing number of GPS station data available in the central Andes. The network was built with the intention of filling the gap of available cGPS data between~23°S and 25°S, the latitude range of the Santa Barbara system where geologic shortening appears anomalously low. The network forms a roughly thrust-perpendicular profile from the modern deformation front at the Lomas de Olmedo, through the Eastern Cordillera and into the Puna. In this study, we follow Brooks et al. (2011) and Weiss et al. (2016) and use a Bayesian approach to fit parameters for an edge dislocation model, constrained by structural geological data, to the observed cGPS velocity field. However, as our study area comprises a section of the orogen that is >150 km narrower than the Bolivian section, we must consider the contribution to the back-arc velocity field from loading on the subduction interface in addition to the contribution from locking on the retroarc décollement.
In this study, we estimate horizontal velocities for 29 cGPS stations, including the five new PAGA stations, between 22°S and 29°S in a South America fixed reference frame (Figure 1b ). We forward model the horizontal velocity field predicted by a finite elastic dislocation model for the subduction interface with the geometry prescribed from SLAB 1.0 that is fully locked from 10 km to 50 km depth (Figure 2b ). We note that varying the rate of NZ-SA convergence, within the range of published rates, in the model was found to have a negligible impact on both the best fit parameter estimates and overall misfit to the data of the best fit model and was thus not included as a model parameter in our analysis ( Figure S1 in the supporting information). We use the subduction interface finite dislocation model described above to produce an ensemble of horizontal velocity fields by iterating over models wherein the fraction of NZ-SA convergence taken up at the subduction margin is allowed to vary between 50% and 100% in 5% increments. From each subduction interface predicted velocity field within the ensemble, we calculate velocity residuals for each cGPS station in the study area Table 1 .
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(~22°S À 25°S) and project those residuals on to a thrust-perpendicular profile across the Puna region of the orogen. For each subduction interface model, we use the thrust-perpendicular components of the velocity residuals to constrain parameters for a décollement dislocation that is associated with the subduction model from which the residuals were calculated (Figures 3 and 4b ). We use a Bayesian approach to evaluate the fit of each combined (subduction plus basal thrust belt detachment) model-predicted thrustperpendicular velocity field within the ensemble for all stations within 150 km of our thrust-perpendicular profile (Figure 4b ). We are therefore able to assess the partitioning of strain accumulation between the subduction interface and the thrust belt décollement across the profile accounting for elastic strain accumulation due to fault locking in both systems.
Tectonic Setting
The back arc of the Andean orogen between~23°S and 25°S has been termed a "transition zone" between the Bolivian section of the orogen, characterized by the~30°dip of the subducting Nazca slab and thinskinned thrust belt deformation, and the Sierras Pampeanas region which is associated with a subhorizontal subducting slab and basement involved uplifts in the foreland. The back arc at these latitudes comprises three major strike-parallel tectonomorphic provinces (Figure 3) . (1) The Puna is a broad region of high topography defined as the area above approximately 4 km average elevation. It is composed of a system of internally drained basins that are separated by reverse fault-related uplifts that formed during Eocene through Miocene time (Carrapa & 
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the west by the Western Cordillera, the axis of Neogene-Quaternary andesitic arc magmatism with peak elevations >6.5 km (Isacks, 1988; Kay & Coira, 2009) . (2) The Eastern Cordillera that abuts the Puna to the east is a belt of externally drained high topography (>6 km) with significant relief. It is composed of predominantly lower Paleozoic sedimentary, metasedimentary, and igneous rocks, and is the locus of late Eocene-Miocene crustal shortening associated with slip on both west and east vergent reverse faults at the latitudes of this study (Carrapa et al., 2011; Carrapa & DeCelles, 2008; Grier et al., 1991; Pearson et al., 2013) . (3) The Santa Barbara ranges are a system of bivergent, inverted Cretaceous to Paleogene rift-related normal faults that were reactivated at~10 Ma when the thrust front jumped~75 km eastward to its modern position (Carrapa et al., 2011; Kley & Monaldi, 2002; Pearson et al., 2013; Reynolds et al., 2000) . Total crustal shortening estimates for the combined Eastern Cordillera and Santa Barbara system range from about 60 km to 140 km based on regional balanced cross sections (Kley & Monaldi, 2002; Pearson et al., 2013) . Nearly all published cross sections show relatively high angle east and west dipping reverse faults that are interpreted to sole into a west dipping master detachment located between 10 km and 20 km depth (Allmendinger et al., 1983; Grier et al., 1991; Kley & Monaldi, 2002; Pearson et al., 2013) .
Studies of young structures in the Lomas de Olmedo area (Figure 3) indicate that 2.34 ± 0.01 mm/yr of shortening has occurred at the thrust front since early Holocene time (Ramos et al., 2006) and geomorphic analysis of uplifted strath terraces northwest of station UNSA (Figure 3) shows that~2 mm/yr of shortening has been accommodated on a blind thrust beneath the Vaqueros-Medeiros anticline from latest Pleistocene to Recent time (García et al., 2013) . These observations, combined with the widespread microseismicity observed beneath the foreland (Cahill et al., 1992) , evince ongoing distributed deformation and shortening of the crust. Inversion of focal plane solutions for this region yields a maximum compressional stress direction of N74°E (Cahill et al., 1992) which is consistent with estimates of the regional shortening direction over the last 2 Myr based on fault slip measurements throughout the area (Marrett et al., 1994) , and is subparallel to geodetic estimates for NZ-SA convergence direction at these latitudes (Argus et al., 2010; Kendrick et al., 2006) . 
GPS Data
GPS Data Analysis
PAGA has been running continuously, sampling carrier beat phase data every 15 s since March 2009, with the exception of site TUZG which experienced data logging interruption twice by damage to the antenna cable, presumably from local fauna. Due to the limited communication infrastructure available in the study region, data have been acquired from the stations via manual downloads, nominally once each year. The purpose of this study was to investigate the interseismic velocity field of the so-called transition zone of the Andean back arc at the latitudes of the Santa Barbara system. Thus, in order to avoid contamination of the interseismic velocity field with postseismic or coseismic signals, our analyses include data collected in the~4 year period following the 27 February 2010 M w 8.8 Maule and M w 6.2 Salta earthquakes until the 1 April 2014 M w 8.1 Pisagua earthquake (Ekstroem et al., 2012) .
We combined phase data from PAGA GPS stations with phase data from 131 additional GPS stations downloaded from the University NAVSTAR Consortium (UNAVCO) and the Instituto Geográfico Nacional Red Argentina de Monitoreo Satelital Continuo (IGN-RAMSAC) archives, for a total of 136 continuous stations. Of these, 87 are located within the South America continent (Figure 1a) . Thirteen of these stations directly complement the 24°S profile formed by PAGA ( Figure 1b and Table 1 ), broadening and/or densifying the array. We use the broader set of 136 stations in our realization of the South America fixed reference frame, but we here report on velocities for only the 29 stations between 22°S and 29°S. Some workers have observed an anomalously long-lasting (>2 years) and large-magnitude (>15 mm) postseismic signal in the east Figure 4b ). (d) Normalized 1-D PPDs estimated after resampling the parameter space using the NAB algorithm from Sambridge (1999) . The best fit model and 1σ confidence intervals are taken from the mean (M) and standard deviation (SD), respectively, of each PPD yielding an overall best fit model of _ s ¼ 9:1±0:9 mm=yr, α = 0.70 ± 0.05, d = 14 ± 9 km, and ξ = 615 ± 20 km from the trench. (Weiss et al., 2016) . However, this signal does not affect the time interval under consideration in our study.
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We used the GAMIT/GLOBK software version 10.5 (Herring, King, & McCluskey, 2015b; Herring, King, Floyd, et al., 2015a) to analyze the observed GPS carrier beat phase data with fixed orbits from the International Global Navigation Satellite Systems Service to determine precise coordinate time series in the International Terrestrial Reference Frame (ITRF) 2008 (Altamimi et al., 2012) . We approximated the GPS phase measurement errors using an elevation angle-dependent model based on the observed scatter of phase residuals using the GAMIT utility AUTCLN. We estimated GPS site coordinates for each UTC day of data that we collected in the terrestrial reference frame. We then realized a South America fixed reference frame by rotating the ITRF2008 daily position estimates to South America with the GLOBK software using the South America-ITRF2008 solution provided by Altamimi et al. (2012) that minimizes site motions within the South America craton. We fit a constant velocity model to the site coordinate time series, accounting for seasonal site motions assuming annual and semiannual motions that we assumed to be adequately characterized as periodic sinusoids. Velocity bias associated with quasiperiodic site motion should be negligible given the nominal 4 year duration of the time series under consideration (Bennett, 2008; Blewitt & Lavallee, 2003) . We estimated velocity uncertainties using an empirical model for time-correlated errors using the GGmatlab utility TSVIEW (Herring, 2003) . Note. cGPS estimated horizontal velocities expressed in South America fixed reference frame. V e is the east component of velocity (mm/yr), V n is the north component (mm/yr), U e is the uncertainty of east component (mm/yr), U n is the uncertainty of north component (mm/yr), WRMSe is the weighted root-mean-square residual of the best fit kinematic model to the east component coordinate time series (mm), WRMSn is with respect to the north component (mm), RMSe is the root-mean-square residual of the best fit kinematic model to the east component of the coordinate time series (mm), and RMSn is with respect to the north component (mm).
(P) PAGA network data available from UNAVCO archive, (I) IGN data available from the IGN-RAMSAC archive, (CH) Central Andean Tectonic Observatory (Simons et al., 2010) , (CA) CAP Andes GPS network (Bevis, 2010) , (PL) Plutons GPS network (Pritchard, 2010) , (U) data downloaded from UNAVCO archive with no DOI available.
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Results From GPS Analysis and Regional Velocity Field
The long-term normalized root-mean-square (RMS) misfits of the best fit kinematic model to the coordinate time series data accounting for temporally correlated errors range between 0.7 and 8.0 for the north and east components. The long-term weighted RMS scatter of the residual coordinate time series ranges between 0.88 and 2.70 mm for the horizontal components, and is roughly 3 times larger for the vertical coordinate. Horizontal velocity uncertainties for all sites are below 1 mm/yr. Figure 1b shows the velocity estimates relative to our realization of the South America reference frame for all stations analyzed from 22°S to 29°S latitude (Table 1) . Our estimated velocity field exhibits a systematic decrease in magnitude from west to east, from 35.2 ± 0.3 mm/yr at station JRGN, nearest the Peru-Chile trench, to 0.7 ± 0.8 mm/yr at station CHAC near the east coast of the continent ( Figure 1b and Table 1 ). All of the estimated velocity vectors near the coast are subparallel to the general ENE direction of NazcaSouth America convergence at these latitudes ( Figure 2b ) as are all the velocity vectors at the latitudes of the Puna and Santa Barbara system. However, we observe a clockwise rotation of the velocity field south of latitude 26°S for stations within the northern Sierras Pampeanas region of the back arc ( Figure 1b ; stations ALUM, JBAL, TERO, and CATA). It is possible that this rotation of the velocity field south of 26°S is due to transient postseismic deformation following the 27 February 2010 M w 8.8 megathrust event, as a pre-Maule study (Kendrick et al., 2006) observed only ENE directed velocities for this same region. However, as stated in section 1 above, the objective of this work is to examine back-arc deformation at the latitudes of the Santa Barbara system. The stations for which possible postseismic contamination may be contributing to this clockwise rotation of the velocity field all reside within the Sierras Pampeanas region. Due to their location south of this study's primary area of interest, combined with the possible contamination with postseismic deformation, we do not include these stations in any of the analyses that follow. We leave examination of any postseismic signal and analysis of the back-arc deformation field at the latitudes of the Sierras Pampeanas for future study.
Elastic Dislocation Modeling
Initial Elastic Dislocation Model for Interseismic Deformation Due To Locking on the NZ-SA Subduction Interface
We assume that the observed velocity field in the central Andes is dominated by signals associated with the earthquake cycle, that is, a superposition of contributions from interseismic elastic strain accumulation arising from locked or partially locked faults, coseismic deformation from earthquakes, and postseismic deformation due to inelastic processes after those earthquakes. We are interested in assessing the elastic deformation associated with strain accumulation in the back-arc fold-thrust belt that comprises the Santa Barbara system and Eastern Cordillera between~22°S and 25°S. We thus mitigate the contributions from both coseismic and postseismic deformation to the observed velocity field by considering an~4 year period without shallow (<50 km depth) and large (>M w 6.0) earthquakes between 19°S and 27°S latitude according to the global centroid moment tensor catalog (Ekstroem et al., 2012) . Figure 1b shows the interseismic velocity field, realized in a South America fixed reference frame, for the interval between the 27 February 2010 M w 8.8 Maule and M w 6.2 Salta earthquakes and the 1 April 2014 M w 8.1 Pisagua earthquake (Ekstroem et al., 2012) (locations of earthquakes shown in Figure 2a ). Although we present velocities for stations betweeñ 22°S and 29°S, the emphasis of this work is on deformation in the so-called "back-arc transition zone" between~22°S and 25°S (Figure 3 ). The additional velocities are shown only for regional context. Therefore, with the exception of the northern Sierras Pampeanas region, as noted in the previous section, we do not consider postseismic deformation in our study region (22°S -25°S) after the Maule earthquake due to its considerable distance from the area of interest (>1000 km). If the stations in the Santa Barbara region are affected by postseismic deformation from this distant earthquake, numerical modeling suggests that it would be small in magnitude (<1 mm) and relatively uniform across that portion of the network so it would have negligible impact on the local strain rate field upon which our elastic deformation modeling depends (Delouis et al., 2010) . Therefore, as we demonstrate in the sections that follow, the spatial variation among horizontal velocity estimates presented here is due primarily to interseismic strain accumulation from locking on the NZ-SA subduction interface and on a basal décollement beneath the Eastern Cordillera and Santa Barbara system.
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In the Bolivian section of the central Andes, Bevis et al. (2001) showed that the interseismic velocity field observed between January 1993 and March 2001 could be fit well with an elastic three-plate model in which 91.5% of NZ-SA convergence was taken up at the subduction interface and 8.5% taken up by convergence of the Andean crust with the stable craton. They realized their best fit with the subduction interface fully coupled from 10 km to 50 km depth and a freely slipping décollement beneath the back-arc thrust belt. However, Brooks et al. (2011) found that an appreciable (>10 mm/yr) contribution to the observed backarc trench-perpendicular velocity field at~22°S was due to locking on a basal décollement beneath the active fold-thrust belt of the Bolivian Subandes. Brooks et al. (2011) , however, did not include any contribution from locking on the subduction interface to their dislocation modeling of back-arc deformation as it was shown to be small (<1 mm/yr) at those distances (>500 km) from the trench. Their findings, combined with those presented by Weiss et al. (2016) , show that for the >700 km wide Bolivian section of the central Andes, the back-arc velocity field may be modeled without accounting for contamination due to locking on the subduction interface.
At the latitudes of our study, however, the orogen is more than 150 km narrower than in the Bolivian section. Accordingly, we expect that locking on the subduction interface does contribute to the back-arc velocity field. We therefore attempt to model this deformation and remove it from the back-arc velocities in order to isolate the contribution from locking on the retroarc décollement. We modeled the contribution from the subduction interface to the interseismic velocity field between~22°S and 25°S using the TDEFNODE software (McCaffrey, 2009) . We prescribed the geometry of the subduction interface in the model using SLAB 1.0, and we assume that the interface is fully coupled between 10 km and 50 km depth following the results of Bevis et al. (2001) , Brooks et al. (2003) , Khazaradze and Klotz (2003) , Kendrick et al. (2006) , and Métois et al. (2012) .
To assign slip to each patch of the subduction interface in the model, we first compute the NZ-SA convergence vector at the longitude and latitude of the patch and then project that vector on to the patch using the TDEFNODE software (McCaffrey, 2009 ). This has been done for two different NZ-SA relative motion Euler poles. The first Euler pole (ω = [0.569°/Myr; 94.4°W, 61.0°N]), is the preferred estimate for NZ-SA convergence as determined by Kendrick et al. (2003) using only data from GPS stations within the Nazca and South America plates and accounting for anomalous site motion at station EISL. The second (ω = [0.612°/ Myr; 92.2°W, 54.1°N]) was presented by Argus et al. (2010) as part of their global plate motion solution, GEODVEL, that minimized misfit to a global distribution of GPS-derived velocities. For each Euler pole, we compute an ensemble of horizontal crustal velocity fields associated with that pole by iterating over the percentage of NZ-SA convergence accommodated at the subduction interface from 50% to 100% in 5% increments. However, because the resulting parameter estimates for the best fit model associated with the two Euler poles are within uncertainty of one another and because the resulting model misfits for the best fit models are statistically indistinguishable, we here present only our analyses using the preferred Euler pole from Kendrick et al. (2003) . Our results using the best fit NZ-SA relative motion Euler pole from Argus et al. (2010) may be found in the attached Figure S1 . Figure 2b shows the model-predicted contribution to the horizontal velocity field from locking on the subduction interface with 100% of NZ-SA convergence accommodated on the subduction interface (blue), the NZ-SA relative motion vector computed from the preferred NZ-SA convergence Euler pole of Kendrick et al. (2003) at 24°S with a magnitude of 63 mm/yr (black arrow with blue head), and the observed velocities (black) at the cGPS stations between~22°S and 25°S used in the subsequent analysis. The model-predicted velocity field systematically underfits the cGPS-observed velocities everywhere in our study area. With the exception of two stations near the trench (JRGN and MCLA) and stations within the active fold-thrust belt, we compute RMS horizontal velocity residuals >5 mm/yr for all stations analyzed. In particular, along the PAGA profile, we find that locking on the subduction interface can only account for between at most 86% (at station UNSA) down to as low as 36% (at stations TUZG and SALC) of the observed horizontal velocity field magnitude. In the following sections, we describe how locking on the décollement beneath the Santa Barbara system provides the additional surface velocity needed to fit the observed velocity field.
Results From Initial Subduction Interface Modeling and Residual Back-Arc Velocity Field
A Thrust-Perpendicular 1-D Elastic Dislocation Model for Locking on a Basal Décollement
After calculating the model-predicted horizontal velocity field associated with a fully locked subduction interface downdip of the Peru-Chile trench as described above, we find that as much as 64% of the magnitude of Journal of Geophysical Research: Solid Earth 10.1002/2017JB014739 the interseismic velocity field along the PAGA profile is not accounted for (Figures 2b and 3) . We therefore follow Brooks et al. (2011) and Weiss et al. (2016) by attempting to fit the back-arc velocity field using a 1-D edge dislocation embedded in an elastic half-space (e.g., Segall, 2010, chapter 3) to model locking updip of a steadily slipping décollement beneath the fold-thrust belt. As mentioned above, those studies were performed in a section of the back-arc where the orogen is >150 km wider than the section under consideration here. At those latitudes, the contribution to the back-arc velocity field due to locking on the subduction interface has been shown to be unappreciable and was therefore not taken into consideration in those studies. In our study area, where the orogen is appreciably narrower however, we fit the fold-thrust belt décollement model parameters to the velocity residuals calculated by removing the contribution due to locking on the subduction interface (Figures 3 and 5b ). For each model in our ensemble, we project the velocity residuals onto a thrust-perpendicular profile that is colinear with PP 0 shown in Figure 3 (azimuth 111°) but extending across the width of the orogen. This is done for all five PAGA stations and all stations within 150 km of the profile (Figures 4 and 5b) . We note that even though station CHAC is used in this analysis as a "stable" point within the South America craton that roughly falls in line with our profile it is not shown in Figures 3, 4b , or 5 due to its considerable distance from the thrust front.
We assume that the residual velocity field is dominated by interseismic strain accumulation due to a frictional transition from steady sliding to fully locked on a basal décollement buried beneath the fold-thrust belt.
Building on the work of Kley and Monaldi (2002) , Pearson et al. (2013) used a restored balanced regional cross section along the profile shown in Figure 3 to infer the existence of such a detachment at~10 km depth with a regional dip of 2°to the west. We use the results of Pearson et al. (2013) in this analysis to prescribe the dip (δ) of our edge-dislocation model to 2°to the west (Figure 5b ), but we estimate the depth of the décollement using the GPS velocity data. We performed a constrained random search (CRS) (Brachetti et al., 1997) to evaluate >50,000 models with four model parameters. The four loosely constrained model parameters were the slip rate across the dislocation _ s ð Þ, the position along the profile (in kilometers from the Peru-Chile trench) that represents the transition from stable sliding to frictionally locked on the dislocation (ξ), the depth to the dislocation where the frictional transition occurs (d), and the fraction of NZ-SA convergence accommodated 
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at the subduction interface (α). We calculated the chi-square misfit (χ 2 ) to the thrust-perpendicular components of the velocity field for each point sampled in the parameter space. We then utilized the Neighborhood Algorithm of Sambridge (1999) to appraise the ensemble of models, and associated χ 2 values, generated by the CRS by resampling the parameter space and approximating 1-D and 2-D marginal posterior probability density functions (PPDs) from the resampling.
Residual Velocities Projected Onto a Thrust-Perpendicular Profile and Results From 1-D Dislocation Modeling
From the 18-station velocity-residual data set projected onto the thrust-perpendicular profile we observe an overall decrease in thrust-perpendicular velocities from 11.2 ± 0.3 mm/yr at station CTLR to 0.0 ± 0.7 mm/yr in the continental interior at station CHAC. The largest velocity gradient occurs within the Eastern Cordillera where the thrust-perpendicular velocities fall from 6.1 ± 0.5 mm/yr at station GOLG to 1.0 ± 0.3 mm/yr at station UNSA over a distance of 35 km (Figures 4b and 5b ). This represents a 1-D shortening strain rate along the profile of 146 × 10 À9 yr À1 between the two stations.
The estimated 1-D PPDs for all four parameters display a single dominant peak as shown in Figure 4d . We therefore have confidence that the parameter space has been adequately sampled and the mean and standard error from each 1-D PPD is used to estimate dislocation parameters with 1σ confidence intervals ofŝ ¼ 9:1±0:9 mm/yr,ξ ¼ 615±20 km,d ¼ 14±9 km, andα ¼ 0:70±0:05. We calculated Pearson's correlation coefficients (r) for all of the parameter estimates from the parameter covariance matrix generated after the parameter space resampling described in the previous section (e.g., Trauth, 2015) . Of the four parameters estimated, only three pairs exhibit strong to moderate correlation. The most strongly correlated (r = À 0.76) areŝ andα which exhibit a strong anticorrelation (Figure 6c ). Locking depth is also anticorrelated withα, but only moderately so (r = À 0.5) (Figure 6e ) and is strongly positively correlated withŝ (r = 0.68) (Figure 6a ). The thrust-perpendicular velocity profile predicted by the best fit model is plotted as the blue curve in Figure 4b and the chi-square per degree of freedom (χ 2 /ν) statistic for this model is 1.43, indicating that the residuals are consistent with, though slightly larger than, the scatter expected for the given velocity estimate uncertainties. The ξd-normalized marginal 2-D PPD that shows the probability distribution (ρ) for the location of the locked edge of the dislocation is scaled and plotted along with the faults from the cross section of Pearson et al. (2013) . Normalized 2-D probability (ρ) distributions for all unique combinations of the four model parameters estimated in the inversion generated using the NAB algorithm from Sambridge (1999) .
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for the depth to the locked edge of the detachment agrees well with the range of depths used in published balanced cross sections (Grier et al., 1991; Kley & Monaldi, 2002; Pearson et al., 2013) .
Thrust-Parallel Component of Velocity
In addition to the thrust-perpendicular component of the residual velocity field discussed in detail above, there is an appreciable thrust-parallel component of the velocity field remaining after we subtract the subduction interface-predicted horizontal velocities from the estimated cGPS velocities in our study area. What has been done previously in similar tectonic settings is a joint inversion of the thrust-perpendicular and thrust-parallel components of the velocity field for dip-slip and strikeslip parameters, respectively, on a single fold-thrust belt décollement to account for the entire back-arc velocity field (Brooks et al., 2011; Weiss et al., 2016) . This method is appropriate for regions in which the thrust-parallel component of the velocity field exhibits a roughly arctangent pattern along the profile (Figure 7b ). However, when we subtract the contribution from the subduction interface model, the thrustparallel velocities along the PAGA profile appear instead to display a linear pattern, decreasing at a roughly constant rate from NW to SE and do not exhibit an arctangent pattern (Figure 7a ). Attempting to fit strike-slip motion to this linear pattern of thrust-parallel velocities on a single structure results in a locking depth estimate that is unrealistically deep, greater than 50 km in this case, which is greater than the depth to the Moho beneath this part of the orogenic belt (Tassara & Echaurren, 2012) . Thus, we model the thrust-parallel velocity residuals with a constant strain/rotation rate model and we assess the back-arc average thrust-parallel strain/rotation rate along the profile by fitting a line to the thrust-parallel component of the residual velocities. The best fit constant strain rate can be interpreted in terms of two end-member models: it could be due to a rigid block rotation of the entire back arc, it could be due to simple shear of the back arc distributed across several orogenparallel strike-slip faults, or it could be some combination of these two mechanisms (Appendix A).
We fit parameters for a line to the thrust-parallel velocity residuals for all models tested in the subduction interface ensemble using a weighted least squares approach for each set of thrust-parallel residuals. There was almost no variation in the estimated thrust-parallel model parameters across all models (0.5 ≤ α ≤ 1). Therefore, we report here only the parameter estimates associated with our overall best fit model to the thrust-perpendicular velocities as described in the previous section. The weighted least squares inversion for the thrust-parallel velocity residuals associated with our best fit thrust-perpendicular model yielded a best fit slope of À19 × 10 À9 ± 0.5 × 10 À9 yr À1 and velocities going to zero at 805 ± 73 km from the trench with a χ 2 /ν misfit of 1.1, indicating a fit to the thrust-parallel velocities to within the data uncertainties. As demonstrated in Appendix A, the estimated constant strain rate may be interpreted in terms of two end-member models that are mathematically equivalent (Figure 7e ). Either (1) the region is being deformed by simple shear, distributed across the back arc along a series of NE-SW striking right-lateral strike-slip faults or (2) this pattern of thrust-parallel velocities along the profile is due to vertical axis rigid clockwise block rotation. In the first case, the best fit slope represents the geodetically observed rate of simple shear averaged across the back arc. In the second, the best fit slope is the angular velocity, in this case with a clockwise rotation rate of 0.02 rad/Myr or 1.1°/Myr. The location along the profile where the model-predicted thrust-parallel velocity vanishes is the location of the rotation axis here estimated to be located 805 ± 73 km from the trench or roughly co-located with the thrust front at these latitudes. 5. Discussion
Comparison With Prior Geodetic Studies of the Central Andes
Many workers studying crustal deformation in the central Andes have used observations from GPS to show that interseismic strain accumulation on the subduction interface is insufficient to reproduce the observed horizontal crustal velocity field everywhere within the orogen. To date, these studies have generally followed one of two methods: (1) earlier studies investigating deformation across the entire width of the orogen modeled the contribution to the observed velocity field from the subduction interface using elastic dislocations and attributed the balance of motion to orogen-continent convergence along a completely unlocked frontal thrust belt detachment (Bevis et al., 2001; Kendrick et al., 2006; Norabuena et al., 1998) and (2) later studies looking at deformation in the thrust belt, using only data from stations considered to be sufficiently far from the trench, ignored the contribution to the observed velocity field from locking on the subduction interface, as it had been demonstrated to be small (<1 mm/yr) at these distances, and modeled only the contribution to the velocity field from locking on the décollement beneath the fold-thrust belt (Brooks et al., 2011; Weiss et al., 2016) . Early studies using the first method varied greatly in their estimates of the percentage of NZ-SA convergence accommodated at the subduction interface. Estimates for this value range from as low as 50% (Norabuena et al., 1998) to as great as 91.5% (Bevis et al., 2001 ). These studies inferred that the balance of observed motion, accommodated by convergence of the orogen with the South America plate, can be thought of as the long-term geologic shortening rate of the Andean crust. However, using the second method described above, it has been shown that an appreciable (>7 mm/yr) fraction of NZ-SA relative plate motion is accommodated by deformation in the back-arc thrust belt, and it has been suggested that the elastic strain energy being accumulated on the basal detachment could potentially generate large earthquakes (Brooks et al., 2011; Weiss et al., 2016) . The advantage to the first method is that it utilizes the full two-dimensional nature of the geodetic data set to invert for model parameters, but based on the results of Brooks et al. (2011) , it seems unlikely that a freely slipping interface beneath the thrust belt adequately describes the kinematics of Andean-South America convergence.
In this study, we combine the two methods described above. We modeled the contribution from locking on the subduction interface using finite elastic dislocations and attributed the residual thrust-perpendicular surface motions to a buried edge dislocation beneath the Eastern Cordillera. Our analyses agree in part with the results of earlier studies using the first method described above insomuch as they show that the observed velocity estimates for cGPS stations in the transition zone of the Andean back arc cannot be reproduced solely by deformation induced by interseismic strain accumulation on the subduction interface. Even the maximum slip rate tested on the subduction interface (α = 1) systematically underpredicts the observed velocities for all stations west of the Eastern Cordillera (Figures 2bc and 4b) . However, in contrast to those studies, we find that at the latitudes of the Santa Barbara system the percentage of NZ-SA convergence accommodated at the subduction interface is likely as low as 70%. Additionally, we find it necessary to invoke strain accumulation on the décollement beneath the fold-thrust belt to fit the observed velocities across the back arc. However, in our approach we first model and remove the contribution from the subduction interface before fitting parameters for the décollement model. We prefer this method for two reasons. First, it allows for use of several more data points in the inversion for the décollement model while only adding one new parameter (percentage of NZ-SA convergence accommodated at the subduction interface), thus increasing the degrees of freedom available in the parameter estimation. Second, there may be an appreciable contribution to the thrust-perpendicular velocity field at distances from the trench that are greater than previously estimated. Our analyses indicate that at as much as 300 km west of the thrust front, the subduction interface model contributes as much as 2 to 4 mm/yr to the thrust-perpendicular velocity field depending on what percentage of NZ-SA convergence is accommodated on the interface (Figure 4b ). We suspect that this represents an appreciable contribution because both our slip rate and locking depth estimates for the décollement are strongly to moderately negatively correlated with the percentage of NZ-SA convergence accommodated at the subduction interface (r = À 0.76 and r = À 0.50, respectively), demonstrating the influence of the subduction interface on the back-arc velocity field. If locking on the subduction interface did not contribute appreciably to the backarc velocity field, we would expect little or no correlation between slip rate on the subduction interface and any of the décollement model parameters. It has been widely demonstrated in the literature that delamination, or foundering of a dense lower crustal root(s), and the resulting influx of hot mantle material beneath the Puna Plateau, has been germane to the tectonic expression of Andean orogenesis at these latitudes (Coira & Kay, 1993; . In fact, it has been suggested that this process is likely an integral part of the orogenic cycle of the central Andes . For example, there is little to no lithospheric mantle beneath the Puna and there is likely a very large partial melt zone in the upper and middle crust (Tassara & Echaurren, 2012; Ward et al., 2014) . These observations, when combined with the available heat flow data ( Cahill et al. (1992) with vertical uncertainties <5 km (yellow circles), the freely slipping portion of our best fit décollement (thin black line with arrows showing sense of slip), the depth to the 300°C À 350°C isotherms as predicted by the geothermal gradient published by Currie and Hyndman (2006) (thick gray line; heat flow data shown in Figure 4a ), the depth to the Moho from Tassara and Echaurren (2012) , and the focal mechanism for the 27 February 2010 M w 6.2 Salta earthquake projected on to the vertical cross section (Scott et al., 2014) . (b) Map view of Santa Barbara system, Eastern Cordillera, and eastern Puna Plateau showing epicenters of microseismic events plotted in Figure 8a , location of profile QQ 0 , approximate location of the thrust front (thick black line with teeth on the hanging wall), the epicenter location and lower hemisphere focal mechanism for the 27 February 2010 Salta earthquake plotted in Figure 8a , the epicenters of the other M w > 6 earthquakes mentioned in the main text (green stars), and the best fit value (dark blue line) for the location along the décollement where fault behavior transitions from velocity strengthening downdip to velocity weakening updip with 1σ confidence (light blue swath).
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indicate the existence of elevated crustal temperatures below the Puna. However, it is likely that these elevated crustal temperature conditions do not extend east of the Eastern Cordillera. In Figure 8a , we show the expected depth to the 300°C À 350°C isotherms (range shown as thick gray line) calculated from the geothermal gradient published by Currie and Hyndman (2006) based on heat flow measurements (Figure 5a ), seismic observations, and lower crustal xenoliths. There is a dramatic pull-up in the geothermal gradient at the inferred boundary between cratonic and Andean orogenic lithosphere (Currie & Hyndman, 2006; Hamza & Muñoz, 1996) . In Figures 8a and 8b , we plot the microseismicity observed by Cahill et al. (1992) between August 1988 and April 1989 for all observed microseisms with vertical location uncertainty <5 km. Plotting microseisms with vertical uncertainty <5 km does not change the overall spatial pattern of observed microseismicity in either map or cross-section view (Cahill et al., 1992, Figures 7 and 8c) . One of the most striking characteristics of the observed seismicity is that it does not extend west of the Eastern Cordillera, even though station coverage in the Cahill et al. (1992) study extended west of the 3 km average elevation contour. Although there is significant uncertainty about the geothermal gradient in the transition zone between the craton and plateau (Figure 5b) , the western limit that marks the termination of observed seismicity is more or less co-located with the geothermal transition that delineates the western limit of cratonic lithosphere.
We speculate, as Brooks et al. (2011) did for the Bolivian sector of the retroarc, that thermal conditions within the crust exert first-order control on the fault mechanics of the basal thrust belt detachment beneath the Eastern Cordillera and Santa Barbara system. The geometry of the décollement for the overall best fit model to the thrust-perpendicular velocities presented in this paper is shown in Figure 8a . The freely slipping portion of the detachment is plotted as a solid black line with arrows indicating the sense of slip. The locked portion is the projection of the eastern end of that line to the surface at the front of the Santa Barbara system.
The location along the décollement where fault behavior transitions from freely slipping to fully locked,ξ, is roughly co-located with the western cutoff of observed microseismicity, the inferred western limit of cratonic lithosphere, and the east-to-west pull-up in the geothermal gradient. West ofξ , the detachment lies well beneath the range of depths for the 300°C À 350°C isotherms; east of that boundary it is well above. We speculate that elevated crustal temperatures west ofξ favor rate-strengthening friction, while cooler conditions to the east favor stick-slip behavior on faults in the thrust belt updip ofξ (e.g., Scholz, 2002, section 3.4) . If there were no, or simply less, east-west pull-up in the geothermal gradient across strike, the dipping décollement would intersect the 300°C À 350°C isotherms much farther west. However, due to the across-strike juxtaposition of crustal temperatures the thermally controlled fault friction transition is located much farther east than it would be if this juxtaposition did not exist. This suggests that across-strike heterogeneity in the thermal structure of the central Andes, which is an expression of the orogenic cycle, may be an important factor in thrust belt detachment fault behavior. These observations are also consistent with the fact that mica 40 Ar/ 39 Ar thermochronological ages (which are locked in at 350°C À 400°C) in surface exposures of basement rocks throughout the Santa Barbara system were not reset during the Cenozoic Andean orogeny. The rocks in the Santa Barbara ranges were never situated below the requisite isotherm. On the other hand, the fact that rocks at the surface in the Eastern Cordillera and Puna are also not reset with respect to the 40 Ar/
39
Ar system, in spite of the fact that the basal décollement lies well below the 350°isotherm, indicates extremely slow erosion, consistent with other analyses of Andean erosion history (Carrapa et al., 2011; Carrapa & DeCelles, 2008; Carrapa & DeCelles, 2015; Reiners et al., 2015; Strecker et al., 2007) .
In Figure 8b , we show the best fit location ofξ (dark blue line) as well as the 1σ confidence range (light blue swath). Our estimate forξ is west of the greatest cluster of observed microseismicity and within the geothermal transition zone inferred to be the western limit of cratonic lithosphere. This spatial relationship betweenξ and the microseismicity cluster east of the Eastern Cordillera is consistent with the notion that strain is being accumulated updip, but not downdip, ofξ. However, the moment rate of the observed microseismicity is not nearly significant enough to release the strain accumulating on the locked portion of the detachment associated with the~9 mm/yr slip rate we estimate for the décollement downdip ofξ. In the 9 month deployment presented by Cahill et al. (1992) ~300 microseismic events were observed. Using the formula developed by Molnar (1983, equations (10) and (11)) and assuming an average crustal thickness of 40 km, an along-strike locked width of 100 km, and a crustal shear modulus of 32 GPa we estimate that this can only account for about one tenth of the total seismic moment release that would be required during the same time period
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to accommodate the geodetically inferred strain rate presented here. Taking a longer view, according to the U.S. Geological Survey earthquake catalog, there have been three earthquakes in the crust of the overriding plate in the region of our study (22°À 25°S and 63°À 67°W) of M w > 6 over the last 70 years: the 25 August 1948 M w 7, 12 May 1959 M w 6.6, and the 27 February 2010 M w 6.2 mentioned previously (Figure 8b ). Again, using the method presented by Molnar (1983) we estimate that at most only half of the total geodetically derived strain energy that would accumulate over the same time period could be released in these events. In section 5.4, we discuss possible implications of this strain accumulation in the context of the geological framework of the area.
Surface Deformation From Slip on a Discrete Fault Versus That From Shearing Across a Zone of Finite Width
In the previous section, we argue that across-strike heterogeneity in the thermal structure of the crust likely controls the location where the décollement transitions from freely slipping to fully locked. We argue that where the west dipping structure drops below the 300°C À 350°C isotherms it exhibits stable sliding, and that where it sits above these isotherms the detachment exhibits stick-slip behavior. However, as has been discussed thoroughly in Scholz (2002, section 3) , where the structure drops below these isotherms, at depths where quartz begins to behave plastically, shearing is likely accommodated across a zone of finite width rather than across a single discrete fault surface. Modeling deformation of this type using a single buried edge dislocation may seem like a gross oversimplification of a complex structure. Although this may be true, in this case we argue that it is likely impossible to detect any difference between shear across a discrete surface versus shear across a zone of finite width using only geodetic observations at the surface. Figure 9 shows four different models that fit the observed thrust-perpendicular velocities equally well. The first is a single buried edge dislocation as discussed in the sections above (Figure 9a ). The second (Figure 9b ) is a model using 10,000 buried edge dislocations that share a common locked tipline but have dips ranging between where N is the total number of dislocations, so that the total shear across the zone is equal to the slip for the single dislocation model. The third model (Figure 9c ) comprises 10,000 buried edge dislocations that have the same dip but have varied locking depths with their average locking depth equal to d = 14 km, also with the total shear across the zone equal to the slip on the discrete fault model. The fourth (Figure 9d ) is a composite model of the second and third types in which both locking depth and dip are varied. Although the predicted velocity curves generated by these four models are not identical, under nearly all circumstances they are indistinguishable with the cGPS station density presented here. This can be seen by inspecting the velocity profiles, and associated misfit to the observed velocities, produced by each model. We therefore choose to use the simplest of these four models recognizing that the depth and dip of the dislocation model could equally well be thought of in terms of the average dip and depth of shear bands within a larger shear zone at depth, and that the dislocation slip rate might be thought of in terms of the total shear rate across such a zone. In any case, the salient features of the model presented here are unperturbed. That is, the total loading rate on the locked portion of the fault/shear zone and the localization of strain within the Eastern Cordillera are common to all four models.
Comparison of Geodetically Derived Décollement Parameters With Geological Observations
Dislocation models for back-arc deformation like the one presented here naturally evoke questions regarding the mechanisms by which the elastic strain accumulated within the crust, associated with décollement locking, is converted to permanent deformation over geologic time. Our overall best fit model to the cGPS-estimated thrust-perpendicular velocities includes a slip rate on the steadily sliding section of the basal thrust belt décollementŝ ð Þ of 9.1 ± 0.9 mm/yr. This value is roughly 4 times greater than the~2.3 mm/yr of Holocene shortening documented by Ramos et al. (2006) at the Lomas de Olmedo near the modern thrust front, roughly 135 km to the east of the best fit dislocation tipξ. If we assume that the shortening rate estimate for the Lomas de Olmedo is more or less characteristic of the contemporary shortening rates throughout the Santa Barbara ranges, then this represents a possible shortening deficit of~7.7 mm/yr when compared to our best fit model. We suggest that this deficit is likely accommodated on structures within the orogenic wedge.
The hypothesis that neotectonic deformation at the latitudes of the Santa Barbara system has been, and is likely still, distributed throughout the orogenic wedge is supported by geological observations. First, the seismicity of the region appears to be concentrated toward the inferred downdip edge of the locked zone but does not appear to be concentrated on any single structure. As mentioned in the previous section, Cahill et al. (1992) observed microseismicity throughout the entire wedge with the most concentrated cluster just east of the Eastern Cordillera, coincident with our estimate for the location of the dislocation edgeξ . Additionally, according to the U.S. Geological Survey earthquake catalog, of the three events of M w > 6 that have occurred in this region over the last 70 years, only one was located near the thrust front, whereas the other two occurred at least 100 km to the west (Figure 8b ). In fact, the location of the most recent event, the 27 February 2010 Salta earthquake, is estimated to have occurred less than 10 km east of our estimate for the location of the dislocation edge. Additionally, it has been demonstrated that a significant amount of shortening, roughly equivalent to the shortening documented at the Lomas de Olmedo (~2 mm/yr), has been accommodated on structures associated with the Vaqueros-Medeiros anticline since~0.3 Ma, which is also more than 100 km west of the thrust front (Figure 3 ) (García et al., 2013) . We find the observed pattern of seismicity, coupled with the apparent distribution of Pleistocene-Holocene shortening on structures that are >100 km apart, viz-à-viz the Vaqueros-Medieros anticline and the Lomas de Olmedo, suggestive of subcritical wedge mechanics (Davis et al., 1983) at these latitudes.
A subcritical wedge is one in which the wedge taper, which controls the distribution of gravitational body forces, is not sufficient to propagate the wedge toward the foreland; instead, continued shortening of the crust is accommodated within the wedge to build taper until the critical value is attained and foreland propagation may resume (Davis et al., 1983; Davis et al., 1984) . We are not the first to suggest that the wedge may be subcritical within the Santa Barbara system. Pearson et al. (2013) , using detailed geological mapping and thermochronology, demonstrated that the thrust front likely jumped out to its current position at~4 Ma. They suggested that since then, appreciable deformation within the wedge has been concentrated on
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out-of-sequence east dipping back thrusts west of the thrust front until recent time. In the model they proposed, Andean fault-related shortening jumped~75 km eastward toward the foreland during the midPliocene to take advantage of a zone of inherited structural weakness associated with the Cretaceous Salta Rift; in turn, this caused the wedge to become subcritically tapered and to begin to deform internally.
We suggest the orogenic wedge is likely still subcritical and accommodating the~9 mm/yr of geodetically estimated slip that is fed to the system from the décollement via distributed deformation. This is in contrast to the Bolivian sector of the foreland, between 17.5°S and 22°S, where Horton (1999) combined GPS data with estimates for long-term erosion rates in the Subandes to demonstrate that the orogenic wedge at those latitudes is likely critically tapered. The findings of Horton (1999) are consistent with the observation that the geodetically derived values for slip rate on the décollement in Bolivia agree well with geologically determined rates and that almost all of the Quaternary deformation there is being accommodated on structures near the thrust front (Weiss et al., 2016; Weiss et al., 2015) . Although the geodetically derived dislocation model for the décollement reported here for the Santa Barbara system is similar to that inferred by Brooks et al. (2011) and Weiss et al. (2016) for the Bolivian section, we suspect that the inferred slip is not fully transmitted to the wedge front in our study area and therefore not recorded in the geologic slip rates on the thrust front at Lomas de Olmedo. If this is the case, wholesale rupture of the locked portion of the décollement, which might be possible for the Bolivian fold-thrust belt (Brooks et al., 2011) , seems unlikely in the latitude range of our study.
The question of how exactly the geodetically inferred slip deficit being accumulated on the locked portion of the décollement is resolved over geologic time hints at an important question in tectonics. As mentioned above, there has not been enough seismic energy release over the observational period to account for thẽ 9 mm/yr of slip we infer to be accumulating on the locked portion of the thrust belt décollement. It is possible that there is simply a very long recurrence interval for this region and the strain energy being stored in the locked zone will be released in one or more future large earthquakes. However, in general, the modern seismo-geodetic theory of the earthquake cycle tends to predict more and greater magnitude earthquakes than are observed for a given area (Avouac, 2015) . Some fraction of the strain energy being accumulated may be dissipated through aseismic creep or off-fault penetrative deformation of the crust. Although we do not have sufficient seismic and geodetic data to determine what percentage this may account for in any precise way, we may perform a rough estimate by following Avouac (2015) . If we assume a b-value for the basal décollement of 1 and a maximum seismic potential of M w 7.0 with a recurrence interval of 100 years we estimate that nearly 60% of the accumulating strain energy would need to be accommodated by aseismic mechanisms to balance the slip budget. This percentage is reduced to about 50% if the recurrence interval is 75 years, but in both cases the required aseismic component seems high. Further investigation of the region, including a survey of local seismicity to follow up on the results of Cahill et al. (1992) , is needed to better constrain these estimates and to perform a rigorous seismic hazard analysis for the Santa Barbara region. We leave additional discussion of this important question for future work. Paleomagnetic data suggest that the southern limb of the Andean orocline has rotated relative to the South America craton about a vertical rotation axis with a clockwise sense of motion since~40 Ma (Lamb, 2001; Richards & Butler, 2004) , and it has been demonstrated through analysis of GPS data that this rotation is likely ongoing (Allmendinger et al., 2005) . It is noteworthy that the geodetically derived estimates of rotation for both limbs of the Andean orocline agree with those from paleomagnetic studies in both rotation rate and sense of motion when compared with 25 Ma and younger rocks (Allmendinger et al., 2005) . Estimates from GPS data indicate that the back-arc region of the southern limb is currently undergoing a vertical axis clockwise rotation at the rate of roughly 0.81°/Myr, with the Santa Barbara system rotating slightly faster than average for the southern limb (>1°/Myr) (Allmendinger et al., 2005) . Although these rotations are well documented in the literature, the kinematic mechanisms by which they are being accommodated are not fully understood.
Our analyses show that, after removing the contribution to the horizontal velocity field due to locking on the subduction interface, the thrust-parallel components of velocity along the PAGA profile are fit well using a constant strain rate model (χ 2 /ν = 1.1). The best fit parameters for this model include a constant strain rate of À19 × 10 À9 yr À1 across the profile and an estimated position along the profile where thrust-parallel
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velocities vanishx 0 ð Þ of 805 km from the trench, which is roughly co-located with the thrust front at these latitudes. The observed deformation may either be attributed to distributed simple shear, accommodated on NE-SW striking right-lateral strike-slip faults with fault spacing less than or equal to the station spacing of the PAGA profile, to rigid rotation of the profile about a vertical axis, or some combination of these two mechanisms (Appendix A). In the first scenario, we would expect to see geological evidence of right-lateral offsets on NE-SW striking faults in the study area. Indeed, Pearson et al. (2013) identified several of these types of faults with apparent right-lateral offsets on the order of 10 m. However, these structures were inferred to be antithetic to the potentially orogen-scale throughgoing NW-SE striking left-lateral fault zones that have been reported in the literature (Acocella et al., 2011; Allmendinger et al., 1983; Marrett et al., 1994) . Based on paleomagnetic data and structural analysis, Abels and Bischoff (1999) suggested that these NW-SE striking left-lateral structures may accommodate wholesale vertical axis clockwise rotation in the southern limb of the Bolivian orocline. Our model estimate for the constant strain rate of À19 × 10 À9 yr À1 is mathematically equivalent in this case to a rigid vertical axis clockwise rotation of the profile at a rate of 0.02 rad/Myr or 1.1°/Myr, which is consistent with other GPS-derived rotation rates for this region (Allmendinger et al., 2005) . Furthermore, we estimate the location of the vertical rotation axis along the profile to be 805 km from the trench, roughly coincident with the thrust front at these latitudes. This estimate is consistent with the model proposed by Abels and Bischoff (1999) , wherein it is suggested that compressive structures should be developed at the leading edge of the rotating blocks. It is notable that the first mechanism listed above, distributed shear on many NE-SW striking right-lateral strike-slip faults, would not cause the observed rotations observed in the paleomagnetic data discussed above. However, it is possible that some combination of these two mechanisms is generating the observed pattern of thrust-parallel motion.
In any of the cases discussed above, it is apparent that plane strain analyses are insufficient to characterize the deformation in this region. As our results indicate there is appreciable material transport out of the thrust-perpendicular plane, which may introduce significant errors in estimating total crustal shortening at the latitudes of the Santa Barbara system based on 2-D balanced cross sections. Plane strain is a primary assumption used in constructing balanced cross sections that utilize line length or area balance. In the region under investigation here, where modern crustal velocities derived from cGPS deviate by 30°À 45°from the thrust-perpendicular direction, the out-of-plane motion may introduce a deficit of 13.5 % À 30% in inferred shortening estimates that are based on balanced cross sections. This fact is of particular interest in the Santa Barbara system where geologically determined shortening rates are roughly half of those estimated for the Bolivian sector, but geodetically determined slip rates for the basal detachment are nearly equivalent. It is worth noting that in the Bolivian sector of the central Andes, the long-term shortening rates inferred from balanced cross sections agree with slip rate estimates for the décollement based on geodetic analyses, whereas in the Santa Barbara system the rates do not agree. In this case, unrecognized out-of-plane motion would produce an underestimate of shortening based on 2-D cross sections. Such errors may contribute to the apparent deficit of total Cenozoic shortening that has been reported at the latitudes of the Santa Barbara system and warrants further investigation.
Conclusions
We analyzed the back-arc velocity field of the central Andes at the latitudes of the Santa Barbara system of northwest Argentina and characterized it using elastic dislocation models. We estimated velocities for 29 cGPS stations between~22°S and 29°S for the time period between the 27 February 2010 M w 8.8 Maule and 1 April 2014 M w 8.1 Pisagua earthquakes in a South America fixed reference frame. The estimated cGPS velocity field exhibits a systematic west to east decrease in horizontal velocity magnitude from 35.2 ± 0.3 mm/yr at the coast to 0.7 ± 0.8 mm/yr within the stable craton. The largest gradient in the velocity magnitude is roughly co-located with a transition in the thermal structure of the Andean crust, the inferred western limit of cratonic lithosphere, and the western terminus of observed microseismicity,~150 km west of the modern thrust front.
We used SLAB 1.0 to fix the geometry of the NZ-SA subduction interface and forward modeled deformation due to elastic loading on the subduction interface, assuming that the interface was fully locked (100% coupling) between 10 km and 50 km depth. We tested an ensemble of models with 50% to 100% of NZ-SA convergence taken up at the subduction margin in 5% intervals. None of these models was capable of
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reproducing the observed cGPS velocity field, with as much as 64% of the observed velocity magnitudes unaccounted for at stations within the Puna. Thus, for each subduction interface model within the ensemble, we calculated model residuals at each cGPS station in the study area within 150 km of our thrustperpendicular profile. The residuals were then used to constrain parameters for a model in which strain is accumulating due to a transition from freely slipping to fully locked on the décollement buried west of the Santa Barbara system. For all models, we fixed the dip of the décollement to δ = 2°to the west, based on balanced cross sections, and used a Bayesian approach to estimate model parameters. The best fit to the observed thrust-perpendicular velocity field was realized with 70 ± 5% of NZ-SA convergence accommodated at the subduction interface and décollement model parameters ofŝ ¼ 9:1±0:9 mm=yr,d ¼ 14±9 km, andξ ¼ 615±20 km from the trench. While our estimate for the slip rate on the freely slipping section of the décollement agrees well with prior estimates for the Bolivian section, it is at least 2 times greater than the total estimated Holocene shortening rate for this region. We fit the thrust-parallel components of the velocity residuals along the same profile to a constant strain rate model for which we estimated a rotation rate of 1.1°/ Myr for the back arc with a rotation axis roughly co-located with the modern thrust front.
In this study, we assess the partitioning of strain accumulation between the subduction interface and the décollement beneath the frontal thrust belt at the latitudes of the Santa Barbara system that accounts for elastic strain accumulation due to fault locking in both systems. We find it necessary to invoke fault locking in both systems to adequately reproduce the observed crustal velocities at these latitudes of the orogen. Additionally, we find a strong negative correlation between the percentage of NZ-SA convergence accommodated at the subduction interface and both the slip rate and locking depth of the décollement model. The significantly improved fit to the observed crustal velocities realized by combining the two models, in addition to the strong correlation of parameters between the two systems, demonstrates the importance of considering both contributions to the interseismic velocity field at the latitudes of this study.
Appendix A
Consider a continuous solid body under uniform strain in two dimensions. The components of the velocity gradient tensor (for our purposes equivalent to the time rate of change of the displacement gradient tensor) are given by (Reddy, 2010 , section 3)
where the v i are the components of the velocity vector field, a function of x and y, and the x i are the material coordinate directions, x and y, in a Lagrangian sense. It can be shown that the differential velocities for neighboring points within the medium may be expressed as
or in matrix notation as 
However, for the case where we are considering only motion in the y-direction (thrust-parallel in main text) along a profile oriented in the x-direction (thrust-perpendicular in main text), in the small strain limit, equation ( If we carry out the matrix multiplication we get
And, if we assume that dv y dx is a constant, as has been done in the discussion of a constant strain rate model for thrust-parallel motion in the main text, then we get
and the velocity gradient tensor becomes
Now because GPS-determined crustal velocities are instantaneous on geologic time scales, we may think of the components of v as instantaneous velocities. We therefore consider ω z the instantaneous angular velocity. Now because we are only interested in the instantaneous velocities of any given particle in the body and not in tracking that particle through time in this analysis, we may here consider the current configuration of the Santa Barbara system the initial configuration and set t = 0. Thus, for a rigid body rotation about a vertical axis, equation (A12) becomes
Plugging equation ( 
Again, with our analysis being performed on a profile running in the x-direction (thrust-perpendicular) and only considering velocities in the y direction (thrust-parallel), equation (A14) may be reduced to
From equations (A6) and (A15) it can be seen that the constant strain rate model employed in section 4.5 of the main text has two mathematically acceptable interpretations. The linear pattern of thrust-parallel velocities along the profile can be interpreted as simple shear, distributed across the back arc on multiple orogen-parallel strike-slip faults, as rigid body rotation about a vertical rotation axis along the profile, or some linear combination of the two. In the first case, the estimated slope of the best fit line is interpreted as the thrust-parallel simple shear rate _ η ð Þ, and in the second, it is interpreted as the angular velocity (ω z ) of the profile.
